The shape and duration of left ventricular outflow tract (LVOT) flow has not been applied to assess the central haemodynamics, although LVOT flow is confronted with afterload of arterial system during systole. The aim of this study was to evaluate whether the LVOT flow parameters are related with central systolic blood pressure (BP) and arterial compliance at rest and as well as during exercise.
Introduction
Central pressures are pathophysiologically more relevant than peripheral pressures for the pathogenesis of cardiovascular disease. It is central systolic pressure that left ventricle encounter during systole and the aortic pressure during diastole is a determinant of coronary perfusion. 1 Clinical studies have indicated that central blood pressure (BP) may have predictive value independent of the corresponding peripheral BP. 2, 3 Although central pressures are ideally measured directly by using invasive devices, recently it has been suggested that it was accurate to measure central haemodynamics and arterial stiffness using applanated radial waveform calibrated by intra-arterial pressures. 4, 5 Pulsed wave Doppler echocardiography at the left ventricular outflow track (LVOT) is usually used for quantifying the stroke volume. Meanwhile, LVOT flow is confronted with the systolic afterload which could alter the LVOT flow, but the shape and duration of LVOT Doppler flow has not been applied to assess the aortic systolic BP or central haemodynamics. As altered central haemodynamics might affect the rate and duration of decline in pressure gradient between LVOT and aorta, we hypothesized that prolonged LVOT flow deceleration time (DT) is associated with raised central systolic BP and increased arterial stiffness. Therefore, the aim of this study was to evaluate whether the DT of the LVOT flow is related to the central systolic BP and arterial pulse wave velocity (PWV) assessed by arterial tonometry.
Methods

Study subjects
We prospectively enrolled consecutive patients who referred for diastolic stress echocardiography between July, 2011 and May, 2013. Among the 518 consecutive subjects who underwent diastolic stress echocardiography, subjects with left ventricular (LV) systolic dysfunction (LV ejection fraction ,55%), significant arrhythmia, significant valvular disease, myocardial disease, and coronary artery disease were excluded. Of the 293 subjects who satisfied the entry criteria completely, we eliminated 35 patients from analysis because the recorded central haemodynamics were of insufficient quality. Finally, 258 patients with normal LV systolic function, who underwent supine bicycle stress echocardiography and arterial tonometry simultaneously constituted the study population. This study was approved by the institutional review board, and written informed consent was obtained from all patients.
Two-dimensional and Doppler echocardiography
Standard 2D echocardiograms were performed. Echocardiography was performed on an ultrasound machine (Vivid 7, GE medical System, Horten, Norway) with a 2.5-MHz transducer. The dimensions of the LV and the ejection fraction were measured as recommended. 6 The LV internal diameter, septal thickness, and the LV posterior wall thickness were measured at end-diastole. The LV mass was calculated using the formula as recommended, 6 and LV mass index was defined as LV mass indexed for the body surface area. The left atrial volume was calculated from the parasternal long-axis view and apical four-chamber view using the prolate ellipse method and indexed for the body surface area. The mitral inflow velocities were obtained by pulsed wave Doppler in the apical four-chamber view. The mitral early diastolic (E) velocity was measured. The peak early diastolic mitral annular (e ′ ) velocity was measured from the septal mitral annulus and the E/E ′ were calculated. Doppler flow of LVOT during systole was acquired using an apical three-chamber view and pulsed wave Doppler at sweep speed of 100 mm/s. The ultrasound beam was positioned in the LVOT, parallel to the aortic flow. To limit measurement errors due to a skewed peak velocity profile, the sample volume was placed 1 cm below the aortic valve in the centre of the LVOT, 7 where the optimal Doppler spectrum for cardiac output is usually recorded. Three consecutive beats during quiet respiration were used to calculation of the Doppler variables. Acceleration time (AT) and DT were defined as the time from the onset of ejection to peak velocity and the time from peak velocity to termination of LVOT flow, respectively. RR interval was measured in seconds using electrocardiographic tracing ( Figure 1 ). As LVOT ejection time is influenced by heart rate, AT and DT were corrected for heart rate using a correction formula: AT corrected for heart rate (ATc) ¼ AT/ p (RR interval) and DT corrected for heart rate (DTc) ¼ DT/ p (RR interval). Stroke volume (SV) was calculated using LVOT diameter and LVOT flow Doppler. Stroke volume index was defined as SV indexed for body surface area. After standard rest images had been obtained, symptom-limited multistage supine bicycle exercise testing was performed with a variable load bicycle ergometer (Medical Positioning, Kansas City, Missouri, USA). Subjects pedalled at a constant speed, starting with a 25 W workload; speed was increased by 25 W every 3 min. The mitral inflow velocities and LVOT flow were obtained by pulsed wave Doppler in the apical four-and three-chamber view during peak exercise, respectively.
Measurement of central haemodynamics
Central haemodynamics and parameters of arterial stiffness were assessed with pulse wave analysis of the radial artery using a commercially available radial artery tonometry (SphygmoCor w , AtCor Medical, Sydney, Australia). These measurements were taken in the supine position after a minimum of 5 min of rest just before the echocardiogram and immediate after peak exercise within 30 s. Peripheral pressure waveforms were recorded from the radial artery at the wrist using applanation tonometry with a high fidelity micromanometer (Millar Instruments, Houston, TX, USA). 8, 9 After 20 sequential waveforms had been acquired, a validated generalized transfer function was used to generate the corresponding central aortic pressures and pressure waveforms. Central systolic and diastolic BP, pulse pressure, augmentation pressure, and augmentation index were derived from this using the technique of pulse waveform analysis. Pulse pressure was calculated as the difference between respective systolic and diastolic pressure. Augmentation pressure is the difference between the second and the first systolic peaks. Augmentation index is defined as the ratio of augmentation pressure to central pulse pressure and is expressed as a percentage. Given that the augmentation index is influenced by heart rate, an index normalized for a heart rate 75 beats/min (AIx@75) was used in accordance to Wilkinson et al. 10 High-quality recordings, which were defined as an in-device quality index .90%, were derived from an algorithm including average pulse height, pulse height variation, diastolic variation, and the maximum rate of rise of the peripheral waveform. Pulse wave velocity was estimated by calculating the time between the foot of the pressure wave and the inflection point. Peripheral BP was measured in the supine position at the brachial artery of the dominant arm after a 15-min rest in the laboratory and immediate after peak exercise using the validated Omron HEM-705 CP oscillometric sphygmomanometer. 
Statistical analysis
Data are expressed as means + SD for continuous variables. Paired comparison of echocardiographic and haemodynamic parameters between at rest and during peak exercise was performed using the paired t test for continuous variables. Kolmogorov -Smirnov test was used to check the normality of the data. The correlation between LVOT flow parameters with other variables was assessed using Pearson's correlation coefficient for variables with normal distribution and Spearman's correlation coefficient for variables with non-normal distribution. To determine independent correlates of the LVOT flow DTc, linear relations were checked with simple linear regression analysis. The variables, which show statistical significance in univariate analysis, were entered in the multiple linear regression model. A P -value of ,0.05 was considered statistically significant. All analyses were performed using SPSS version 20 software (SPSS Inc., Chicago, IL, USA).
Results
Clinical characteristics and two-dimensional echocardiographic parameters of all patients enrolled are shown in Table 1 . The mean age was 61 + 11 and 175 patients (68%) were female. Hypertension, diabetes mellitus, and dyslipidaemia were diagnosed in 166 patients (64%), 52 patients (20%), and 123 patients (48%), respectively. Twenty-five patients (10%), 112 patients (43%), 73 patients (28%), 13 patients (5%), and 82 patients (32%) were taking diuretics, calcium channel blockers, b-blockers, angiotensin converting enzyme inhibitor, and angiotensin receptor blockers, respectively. The mean LV end-diastolic diameter, LV end-systolic diameter, and LV ejection fraction were 48.0 + 3.9 mm, 30.5 + 3.5 mm, and 69.3 + 5.5%. Table 2 shows echocardiographic and haemodynamic parameters at rest and at peak exercise. Pulse wave velocity was measured at rest and the mean value was 8.5 + 2.3 m/s. E velocity, E ′ velocity, E/E ′ , and SV index increased after exercise (all P , 0.001). Acceleration time corrected for heart rate decreased and DTc increased after exercise (all P , 0.001). There were statistically significant increases in peripheral and central systolic and diastolic BP and pulse pressure during peak exercise compared with those at rest (all P , 0.001). Augmentation pressure decreased at peak exercise (P , 0.001). AIx@75 did not change at rest and at peak exercise. Table 3 shows correlation of LVOT flow parameters to demographic and two-dimensional echocardiographic variables and PWV at rest and at peak exercise. Age, gender, and height all demonstrated significant correlations with DTc both at rest and at peak exercise. However, DTc was the only variable which showed correlation with PWV for resting status (P ¼ 0.024), as well as at peak exercise (P , 0.001) (Figure 2) .
We also determined whether there was a correlation among LVOT flow and Doppler echocardiographic and hemodynamic parameters ( central systolic BP and pulse pressure, augmentation pressure, and AIx@75. Similarly, DTc at peak exercise showed correlations with E velocity, E/E ′ , peripheral systolic and diastolic BP, central systolic and diastolic BP and pulse pressure, augmentation pressure, and AIx@75. However, correlation between SV index and DTc abolished during peak exercise, in contrast to resting status. Table 5 shows multivariate analysis for determinants for DTc. Deceleration time corrected for heart rate demonstrated significant independent association with central systolic BP, AIx@75 and PWV, even after adjusting age, gender, height, LV mass index, E velocity, and SV index both at rest (P , 0.001, P ¼ 0.006, and P ¼ 0.023, respectively) and during peak exercise (P ¼ 0.006, P ¼ 0.021, and P ¼ 0.005). 
Discussion
The principal finding of the current study is that simple assessment of the DTc of LVOT flow could be a useful surrogate marker for central haemodynamics and arterial stiffness including central systolic BP, AIx@75, and PWV at rest as well as during exercise. 
Central blood pressure and cardiovascular disease
Central haemodynamic variables have been shown to be independently associated with organ damage, incident cardiovascular disease, and events both in the general population and in various disease states. 11 -14 The late systolic augmentation of the central pressure waveform is associated with an increased in LV mass index.
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Carotid systolic BP is an independent determinant of LV wall thickness. 12 Furthermore, altered central haemodynamics reflecting increased arterial stiffness during exercise has been reported to be significantly associated with obesity, which is one of the important risk factors for diastolic dysfunction. 15 Therefore, assessment of central haemodynamics during exercise might be also clinically useful, as well as static haemodynamics. The most widely used method to measure central haemodynamics non-invasively is using radial pulses and a validated generalized transfer function to estimate central pressures from the peripheral signal. When the applanated radial waveform is calibrated using direct intra-arterial pressure, the calculations of aortic pressures has known to be accurate, 4, 5 and non-invasive estimation of central BP and augmentation using radial tonometry is widening its clinical applications.
Left ventricular outflow tract flow and central haemodynamics
Left ventricular systolic flow deceleration reflects dynamic interaction between LV and systemic circulation in the absence of LVOT obstruction and significant aortic valve stenosis. Nevertheless, despite the wealth of information contained in the morphology of LV systolic flow, a direct practical application of LVOT Doppler flow to assess arterial stiffness and central haemodynamics has not been previously investigated. This is the first study to evaluate the feasibility of LVOT flow as a surrogate marker for assessment of central systolic BP, AIx@75 and PWV, suggesting arterial stiffness. The degree and timing of arterial wave reflection is determined in aggregate by vascular resistance, reflected wave speed, which is influenced by large and medium vessel stiffness, and the distance of the reflecting sites from the LVOT. 16, 17 In the presence of stiff aorta, reflected waves have greater magnitude and propagate more rapidly, arriving at the LVOT earlier than those with compliant aorta. 18 This might result in early systolic flow deceleration of LVOT flow and therefore induce shortening of AT and prolongation of DT. Furthermore, it has been reported that increase in loading during the systole induce compensatory increases in systolic duration, 19, 20 which can also result in further increase of DT. For these reasons, DT of LVOT flow can be significantly prolonged and it lead to morphologic change of LVOT flow to somewhat triangular shape in patients with raised central SBP and reduced aortic compliance. In the present study, DTc was an important LVOT flow parameter to predict central haemodynamics and arterial stiffness compared with ATc. It has reported that LVOT acceleration slope is significantly associated with LV contractility and LV filling. 21 Therefore, ATc is more influenced by LV properties. However, ATc demonstrated no significant correlation with LV ejection fraction in this study and the possible explanation for that might be that all the enrolled subjects were in normal ejection fraction and therefore, the role of LV properties on ATc might be negligible in the studied population.
Heart rate and central hemodynamic
It has been reported that there was an inverse, linear relationship between augmentation index and heart rate due to alteration in timing of the reflected wave, produced by changes in the absolute duration of systole. 10 Therefore, given that the augmentation index is influenced by heart rate, AIx@75, an index normalized for a heart rate 75 beats/min is used to eliminate the effect of heart rate on augmentation index. 10 Similarly, central pulse pressure showed heart rate dependency in humans. 22 The effect of heart rate on central pulse pressure is also thought to be resulted from changes of wave reflection and a consequent change in the shape of the ascending aortic waveform, rather than any change in the transmission characteristics of the arterial system. 22 However, central systolic BP and PWV have been reported to be constant variables which did not change according to heart rate, in contrast with augmentation index and pulse pressure. 10, 22 In the present study, DTc of LVOT flow, a heart rate corrected value for DT, represented heart rate independent haemodynamic variables including central systolic BP, AIx@75, and PWV. Therefore, DTc of LVOT flow might be a representative of central haemodynamics regardless of heart rate changes during exercise.
Clinical implications of left ventricular outflow tract flow
Although radial artery tomography accurately measures central haemodynamics, additional equipment has been needed to obtain the parameters. As transthoracic echocardiogram is widely used to assess cardiac function in various clinical settings, it would be more helpful if we can estimate central SBP and arterial stiffness from the LVOT Doppler on echocardiography. The lack of concordance between central and brachial BP at exercise is well-established phenomenon. During exercise, heart rate increases significantly, and the central to peripheral systolic BP disparity is exacerbated such that pressure differences may exceed 80 mmHg. 23 The potential clinical significance of the pressure disparities between the heart and upper arm during exercise was raised more than three decades ago, 23 but has never been followed up with larger-scale studies of exercise central BP. Therefore, a noninvasive method to determine central haemodynamics during exercise may provide additional information. In this regard, the assessment of LVOT flow to estimate central haemodynamics and arterial stiffness would be more ideal than radial artery tonometry, since the latter is technically more challenging when the subjects are exercising. Left ventricular outflow tract flow variables can be derived from a simple measurement that is normally obtained during a complete Doppler echocardiographic study and DTc can be calculated easily by normalization of the RR interval. Therefore, DTc of LVOT flow can be used as a simple, non-invasive, reproducible clinical marker for static and dynamic central systolic BP and arterial compliance regardless of the patient's heart rate.
Limitations
Limitations of this study need to be addressed. First, LVOT flow might be screwed in faster flow along the subaortic ventricular septum. However, to avoid errors due to skewed flow, we placed the sample volume preciously in the centre of the LVOT. 7 Second, in the presence of turbulent flow in the LVOT in cases of aortic stenosis or LVOT obstruction, the result of the current study cannot be applied. Third, 64% of the patients have diagnosed as hypertension, and many patients were on antihypertensive medications, which might affect central haemodynamic parameters. Fourth, LVOT flow DTc and central parameters were analysed only in patient with normal LV ejection fraction in the present study. Finally, the current study lacks invasive pressure measurement, and we need another population of patients to test the accuracy of the derived equations. Therefore, further studies are needed to assess relationship between central haemodynamics and LVOT flow DTc in various cardiac conditions and in another population with invasive central haemodynamic assessment for accuracy validation. In addition, prospective validations of the proposed cut-off values are needed to confirm our suggesting calculations to assess relations between LVOT flow and central haemodynamics.
Conclusion
Prolongation of LVOT flow DTc represents raised central systolic BP and increased arterial stiffness not only at rest but also during exercise. Therefore, central aortic pressures and arterial stiffness influence the DT of LVOT flow at rest as well as during exercise in individuals with normal LV systolic function.
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